We have demonstrated imaging at soft x-ray wavelengths in transmission and reflection modes using high repetition rate table-top soft x-ray lasers. Transmission mode imaging with a resolution better than 50 nm was demonstrated using the output from a 13.9 nm Ni-like Ag laser in combination with condenser and objective Fresnel zone plate optics. Reflection mode imaging of a microelectronic chip with a resolution of 120-150 nm was demonstrated using the illumination provided by the 46.9 nm output from a compact capillary-discharge Ne-like Ar laser. This microscope combines a Schwarzschild condenser and a zone plate objective. The results demonstrate the feasibility of practical nanometer-scale microscopy with compact soft-x-ray laser sources.
INTRODUCTION
The recent demonstration of high average power table-top soft x-ray lasers opens the opportunity to develop practical imaging systems with very high spatial resolution [1] [2] [3] [4] [5] [6] . Soft x-ray microscopes offer some of the advantages of their optical counterparts (e.g. simple sample preparation and environment variability) but with improved nanometer-scale spatial resolution due to the shorter wavelength of the illumination. Recent results obtained with a soft x-ray microscope based on 1.52 nm wavelength synchrotron radiation have demonstrated a spatial resolution better than 15 nm [7] . Additionally, 13 nm synchrotron radiation was successfully used to image lithography masks in reflection mode [8, 9] . Soft x-ray microscopy has also been demonstrated with other sources. Early work using illumination at 18.2 nm from a soft x-ray recombination laser demonstrated sub-micrometer resolution imaging in reflection mode [10] , and 75 nm resolution was reported using a collisional 4.48 nm soft x-ray laser pumped by a laboratory-size laser, Nova [11] . Microscopy at soft x-ray wavelengths using high order harmonic [12] and laser-excited plasma-based soft x-ray sources : :
• [13, 14, 15] has also been demonstrated. Of these experiments, the best spatial resolution, <100 nm, was obtained in transmission mode at λ=3.37 nm using a droplet-target plasma-based soft x-ray source [15] .
In this paper we discuss the implementation and demonstration of soft x-ray microscopy in transmission and reflection mode with compact high repetition rate laser sources. We present imaging results in transmission and reflection mode obtained with a microscope scheme implemented using the output from a 46.9 nm capillary discharge pumped Ne-like Ar laser. The high average power of the capillary discharge source enabled us to obtain excellent quality images in reflection mode with low exposure times. Also images with a spatial resolution better than 50 nm were obtained in transmission mode using λ=13.9 nm light from a laser-pumped Ni-like Ag laser and Fresnel diffractive optics. These results demonstrate the feasibility of realizing practical soft x-ray imaging tools capable of resolving nanometer scale features.
2.
Imaging with a 46.9 nm table-top capillary discharge laser
Transmission mode imaging
A transmission mode microscope was constructed using a capillary discharge Ne-like Ar laser as the illuminating source. The laser output was collected and focused onto the sample using a Sc/Si multilayer coated Schwarzschild. A free standing zone plate objective formed the image onto a CCD detector. Fig. 1 shows a schematic diagram of the setup and a top view of the system inside the vacuum chamber. The Sc/Si multilayer coated Schwarzschild condenser contains a primary convex mirror of 10.8 mm in diameter and a 50 mm diameter secondary concave mirror [16] . Together these two mirrors produce a hollow cone of 46.9 nm light that is focused onto the sample positioned at ~ 5 cm from the output of the condenser. The Schwarzschild condenser has a numerical aperture (NA) of 0.18 and a throughput of ~ 1%, due to the less than optimum reflectivity of the coatings of these particular optics. This low throughput could be improved by at least one order of magnitude using optimized Sc/Si multilayer coatings with a reflectivity of ~ 40%, demonstrated at this wavelength [17] .
The objective was fabricated using electron beam lithography with a technology that allowed it to be freestanding, as the use of any substrate material would significantly attenuate the 46.9 nm light. The zone plate was manufactured onto a thin nickel foil attached to a silicon frame, and contained pseudo-random bridges connecting the different zones that provided structural stability and allowed the light to transmit. The zone plate objective has a diameter of 0.5 mm, an outer zone width of 200 nm, a NA of 0.12 and focal distance of 2.13 mm. To achieve high magnification (~ 480×) the working distance was chosen to be very close to the focal distance of the objective, ~ 2.14 mm. The illumination source is a table-top capillary discharge laser that emits light at a wavelength of 46.9 nm with a ~ 1.2 ns pulse duration and spectral bandwidth of ∆λ/λ<1×10 -4 [1] . An Al 2 O 3 capillary 18 cm long was used during most of the experiments, resulting in an average power of ~ 0.1 mW. This choice of capillary length provided a good compromise between output power and degree of coherence of the source [18] . Although a single laser shot produces discernable images, most images were acquired by accumulating several shots to improve the signal-to-noise ratio. Nevertheless, since the laser can be operated at a repetition rate of several Hz, the exposure time was only several seconds.
The images were collected with a back-illuminated CCD camera with a 1024×1024 array of 24×24 µm 2 pixels. During the experiment the camera was thermoelectrically cooled to a temperature of -30° C to improve the signal-tonoise ratio. Two different samples were imaged. The first one consisted of rectangular apertures of different sizes down to ~ 100 nm wide arranged in concentric rings. This test pattern was fabricated by e-beam lithography on a 200 nm thick nickel foil. The second sample, also fabricated using e-beam lithography, was a free standing zone plate with outermost zones of 200 nm similar to the one used as the objective. Figure 2 shows an image of the concentric rings test pattern obtained with a magnification of ×470 and 10 laser shots at a repetition rate of 1 Hz. In this experiment, the illumination beam was focused to a 20 -30 µm spot on the object. At these conditions the full CCD screen was illuminated thereby allowing to obtain images with a field of view of 30×30 µm 2 . The image of Fig. 2 shows the smallest 100 nm holes in the inner ring that are clearly discernable as seen in the enlarged portion of the image. The resolution of the imaging system was determined from images of the zone plate test pattern with 200 nm outermost zone width shown in Fig. 3(a) . This image was obtained under similar conditions as Fig. 2 but with higher magnification (×750 magnification, 10 sec. exposure). From this image we determined the intensity modulation along the outer edge portion of the zone plate, as shown in Fig. 3(b) . An average of 100 scans shows the intensity modulation is ~ 94 %. This intensity modulation is significantly higher than the 26.5% set by the Rayleigh resolution criterion, suggesting that the resolution of the instrument is significantly better than 200 nm. To estimate the resolution simulations were performed using the SPLAT program [19] . From the simulations a 120 -150 nm resolution was estimated. Although this program assumes the use of incoherent light illumination, its use was justified in our case as the short capillary length ensured the low coherence [18] . 10µm 10µm 
Reflection mode imaging
Images in reflection mode were obtained with the 46.9 nm capillary discharge laser by rearranging the setup used in transmission mode. A silicon wafer with polysilicon lines was used as the imaging sample. This test pattern was originally produced for the optimization of the lithography process for chip manufacturing. Although at a wavelength of 46.9 nm and an incidence angle of 45 o the reflectivity of silicon is only ~ 5 %, and considering the low throughput of the condenser, very bright images were obtained due to the high brightness of the source. Figure 5 shows an image of the sample obtained with a 20 second exposure. The condenser was scanned during acquisition to ensure complete illumination of the sample and to reduce coherence effects on the image. The image was digitally compensated for the horizontal distortion introduced by the angular placement of the sample. In the upper right corner of right corner of the sample are narrower than the resolution limit of the instrument, their space/line-width ratio appears smaller than the value of eight corresponding to the structure. 
Imaging with a high repetition rate 13.9 nm laser-pumped table-top laser
We have also conducted imaging experiments using a table-top Ni-like Ag laser emitting at 13.9 nm [5] . This source operates at 5 Hz repetition rate, with a pulse duration of 2 -8 ps, and an average pulse energy of ~ 0.4 µJ, corresponding to an average power of 2 µW. For these experiments we used a configuration similar to the one shown in Fig. 1 , however the condenser was replaced by a 5 mm diameter zone plate with 0.07 NA and 100 nm outermost zone width. Images of test patterns with different motives were acquired in transmission mode with exposure times of several seconds. Figure 6 shows an image of a test pattern consisting of radial spokes of decreasing width towards the center. This image, obtained with an exposure time of 20 seconds, has a field of view of ~300 µm 2 . In the central region spokes with a width of ~ 60 nm are clearly seen. With the purpose of determining the resolution of the 13.9 nm imaging system, a sample containing a set of transmission gratings of decreasing period down to ~ 40 nm was imaged. The grating images shown in Fig. 7 are evidence that our 13.9 nm imaging tool is capable of resolving features as small as 50 nm. This was corroborated by determining the intensity modulation across the grating images. Even for the grating with the 50 nm period, the intensity cross section shows a modulation of ~ 70%. This result indicates a resolution better than 50 nm. This is to our knowledge the highest resolution obtained with an imaging system using a compact soft-x-ray laser. It would be possible to further improve the spatial resolution by using a zone plate objective with narrower outer zone width. Figure 7 : Images of transmission gratings obtained with a table-top 13.9 nm laser operated at 5 Hz repetition rate using a zone plate objective with 80 nm outer zone width. Gratings with 50 nm, 63 nm, 75 nm and 88 nm half-periods are very well resolved. The 50 nm half-pitch structure shows a modulation of ~ 70% indicating that the resolution of the imaging system is better than 50 nm.
Conclusions
We have demonstrated imaging at soft x-ray wavelengths with a spatial resolution better than 50 nm using the 13.9 nm output from Ni-like Ag laser in combination with a zone plate objective with 80 nm outermost zone width. In addition, operation of a very compact microscope was demonstrated in transmission and reflection imaging modes with a resolution of 120-150 nm using a capillary-discharge Ne-like Ar laser emitting at 46.9 nm. These are the first demonstration of high resolution reflection mode imaging using a compact high repetition rate soft-x-ray laser source. These results open a path for the developing of readily available high resolution imaging systems for scientific and industrial applications. Expected future advances in soft x-ray laser development and diffractive optics manufacturing will allow further improvements in spatial resolution and imaging quality of these compact imaging systems. 
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